Abstract-We examine the broadband behavior of complex electrical properties of glycerin and water mixtures over the frequency range of 0.1-25.0 GHz, especially as they relate to using these liquids as coupling media for microwave tomographic imaging. Their combination is unique in that they are mutually miscible over the full range of concentrations, which allows them to be tailored to dielectric property matching for biological tissues. While the resultant mixture properties are partially driven by differences in the inherent low-frequency permittivity of each constituent, relaxation frequency shifts play a disproportionately larger role in increasing the permittivity dispersion while also dramatically increasing the effective conductivity over the frequency range of 1-3 GHz. For the full range of mixture ratios, the relaxation frequency shifts from 17.5 GHz for 0% glycerin to less than 0.1 GHz for 100% glycerin. Of particular interest is the fact that the conductivity stays above 1.0 S/m over the 1-3-GHz range for glycerin mixture ratios (70%-90% glycerin) we use for microwave breast tomography. The high level of attenuation is critical for suppressing unwanted multipath signals. This paper presents a full characterization of these liquids along with a discussion of their benefits and limitations in the context of microwave tomography.
coupling medium closely with the target to minimize signal reflections at their interface. The lower permittivity liquids, such as oils, have been intended for coupling to lower water content tissues, such as the breast, while water and saline are utilized for higher property tissues. Over time, appreciation of the impact of multipath signals and their ability to corrupt desired measurements has increased [9] , [10] . One approach has fabricated a miniature anechoic chamber around the target zone and antennas to suppress the unwanted reflections [1] . Another low-loss, oil-based approach implemented by the team at the University of Calgary utilized a single antenna in a sufficiently large bath to ensure adequate decay of multipath signals [11] . A lossy coupling liquid, such as glycerin and water, would not be well suited to a backscatter technique, such as the Calgary system. Alternatives have also included wide-band, time-domain strategies that allow time gating as a way to filter the stray signals [12] .
We have used a lossy coupling bath to suppress multipath signals while still capturing the desired response [10] . The approach is advantageous for transmission systems. For example, antenna bandwidth is broadened considerably because of the resistive loading [13] ; however, large dynamic range is needed in the measurement system [14] , [15] . Glycerin is extremely versatile as a coupling fluid, because it is completely miscible in water allowing permittivity to be tailored to a wide range of tissue properties, which is especially important in breast imaging where values can vary considerably depending on radiographic density [16] [17] [18] . Glycerin is ideal from a human safety perspective, because it is nontoxic and bacteria-static, and is used in many soaps, hand creams, and foodstuffs. It also becomes lossy over the frequency range of 1-2.5 GHz making it suitable for suppressing unwanted multipath signals [9] , [10] and reducing antenna-antenna mutual coupling [19] .
Glycerin is a three-carbon hydrocarbon with one hydroxyl group attached to each carbon atom, and is highly soluble in water [20] . The density of glycerin is 1.261 g/cm 3 , which makes accurate measurements of its concentration possible with simple hydrometer techniques. Glycerin, by itself, does not exhibit relaxation within UHF and microwave frequency ranges 0.3-3.0 and 3.0-25 GHz, respectively. However, when mixed with water it does influence the observed relaxation behavior. In this paper, we measure the properties of glycerin:water mixtures over a wide frequency range, and illustrate the effects on the resulting permittivity and conductivity values 0018-9480 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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(Section III-A). We also show the results mirror data from earlier reports by Schepps and Foster [21] in terms of the effects of bound water on mixture dielectric properties, and demonstrate they are consistent with similar compound:water mixtures (Sections III-B-III-F).
II. METHODS

A. Dielectric Relaxation Theory for Liquid Mixtures
Glycerin (or glycerol) is categorized as an acyclic aliphatic alcohol containing three carbon atoms attached in a line with each containing one hydroxyl group (OH) and hydrogen atoms attached to the remainder of the carbon binding sites [22] . Glycerin by itself exhibits a single, low-frequency, Debyetype relaxation in the UHF to microwave frequency range. The process is more complex for mixtures of glycerin with water, and is typically modeled by the Havriliak-Negami (HN) equation [23] , and or the Debye and Cole-Cole equations [24] . The HN equation gives the complex permittivity as
where ε ∞ is the high-frequency permittivity, ε 0 is the low-frequency permittivity, ω is the angular frequency, α is the shape function used to express the asymmetric relaxation curve broadness, and β is the same except for the symmetric curve. When α = β = 1, the relationship reverts to the Debye equation whereas setting α = 1 and letting β range from 0 to 1 becomes the Cole-Cole equation. When using these liquids as tomography coupling fluids, the relaxation frequency becomes important because of its associated impact on the mixture's overall permittivity and conductivity. For this purpose, these three models are sufficient; however, a minor weakness does occur when describing the broadness of the dielectric loss for some aliphatic alcohols-especially for longer carbon chain compounds. In these instances, the Kohlrausch-WilliamsWatts (KWW) function has been used successfully [25] . For room temperatures and for a range comfortably above the associated glass formation temperatures for each of these liquids [26] , the full range of glycerin and water mixtures exhibit a single relaxation frequency within the UHF and microwave range, although with significant temperature dependence [22] , [26] . For supercooled liquids, the dielectric loss often exhibits two relaxation peaks (alpha and beta processes) corresponding to an actual separation of the respective individual peaks of the alcohol and water. This phenomenon has been described in detail in Sudo et al. [26] . For room temperatures, the notion of cooperative domains (CDs) has been introduced as a way of describing the hybrid relationship of the mixture constituents [27] . The CD is defined as a domain in which reorientation of molecules cooperatively occurs with dipole correlations. For the binary mixtures of glycerin and water, we assume three types of active environments simultaneously coexisting: CD W which contains only water, CD G which contains only glycerin, and CD W −G which includes both water and glycerin, respectively. The dielectric behavior of these mixtures depends considerably on the bulk fraction of the CD W −G, which in turn is directly related to the mixture ratio of the two liquids. This construct effectively describes how the glycerin molecules cooperatively align with the water molecules to produce a single, composite dielectric relaxation time.
Sudo et al. [22] has presented a comprehensive summary of the relaxation behavior of a range of aliphatic alcohol-water mixtures at room temperature. As will be summarized in the following, the broadly shifting relaxation frequency shows a distinct pattern with respect to frequency along with the associated dielectric loss broadening. These published results are an important starting point for appreciating the general nature of these liquids and are consistent with our findings. They directly impact our understanding of how glycerin-water mixtures can be employed as a coupling fluid in a tomographic imaging setting.
B. Measurement Techniques
All measurements were made with a Keysight (Santa Clara, CA) E4440A Vector Network Analyzer (VNA) operating to 26.5 GHz coupled with the Agilent 85070E Dielectric Probe Kit and the Slim Form probe (Fig. 1) . The probe kit presents data in terms of complex permittivity
where ε r is the real permittivity (also referred to as the relative permittivity) and ε is the imaginary permittivity. The electrical conductivity, σ , is related to ε by
where ω is the frequency in radians and ε o is the free space permittivity.
We deliberately eliminated a flexible coaxial cable from the measurement configuration to recover more consistent and reliable results by minimizing the distance between the VNA port and the probe tip. Data were acquired from 100 MHz to 25 GHz in 100-MHz increments. The calibration process utilized a standard open/short/water reference (the water was deionized) and the temperature was 21°C. The mixture ratios of water and glycerin were determined by weight and were prepared five days before the experiment to ensure complete mixing. Each was shaken vigorously 30 min before the testing. The mixtures were allowed to equilibrate to room temperature for over 4 h. The mixtures exhibited minimal air bubbles, and we carefully watched for any air bubbles near the probe tip at the time of measurements. Each measurement was recorded three times and averages are presented. The standard deviation was less than 1% for all samples across the frequency band; therefore, error bars have not been included in the plots to simplify the presentation. Fig. 2(a) and (b) shows the photographs of the existing illumination tank, 16 monopole antennas, and the motion system for controlling the antenna position. Fig. 2(c) shows a SolidWorks (Waltham, MA) rendering of our new microwave tomography imaging system. The primary features in the view are the imaging tank, array of 16 monopole antennas, and the aperture in the top cover through which the target (e.g., breast) is pendant into the liquid. The active portion of the antennas is 3.5 mm long and the array is configured on a 15.2-cm-diameter circle. The antenna array is moved vertically to acquire data at multiple planes of the object. Each antenna operates as both as transmitter and receiver, and data are typically collected at seven frequencies from 700 to 1900 MHz in 200-MHz increments [15] . In terms of patient imaging, glycerin is ideal as a potential coupling fluid, because it is nontoxic and bacteria static, and presents no health risks.
C. Dartmouth Microwave Tomography System
As described in Section III, glycerin:water mixtures are well suited to microwave tomographic imaging-especially breast imaging. Because glycerin and water are completely miscible with each other, they can be combined in different ratios to tailor the mixture properties to match approximately the averages of those of patients with different breast densities [28] . Equally important, the conductivity and subsequently the associated signal attenuation, is high for these glycerin:water combinations. The implications of high loss are largely positive: 1) the bath suppresses potentially confounding multipath signals [10] ; 2) the liquid resistive loads the antennas, so that they can operate effectively over a broad frequency range (0.5-3 GHz); 3) the loss allows the illumination chamber to be relatively small [29] ; and 4) the attenuation facilitates use of the discrete dipole approximation (DDA) as the forward solver in the iterative image reconstruction process, which dramatically reduces computation time [30] . These characteristics contribute to realization of a compact and effective imaging system with the caveat that the desired signals are also attenuated much more than in a low-loss coupling bath.
To accommodate extra signal loss, we developed a custom measurement system, which has a noise floor of −140 dBm for a 0-dBm transmit signal and channel-to-channel isolation also on the order of 140 dB [15] . At our highest frequency of operation (∼1900 MHz), measured signals range from −50 to −120 dBm during a typical breast exam, which implies the signal-to-noise ratio (SNR) ranges from 90 dB for antennas closest to the transmitter to 20 dB for those furthest away (and on the opposite side of the breast from the transmitter). Previous studies have indicated that we can reconstruct good-quality images if the SNR is at least 10 dB for all measurements [31] . Therefore, the measurement system described is the adequate for the task.
Equally important to our approach is an imaging algorithm that utilizes a Gauss-Newton iterative scheme with log transformation [31] . The log transform recovers images without a priori information, and demonstrates excellent convergence behavior relative to comparable algorithms based directly on complex-valued electric fields. It operates directly on phase terms, which add some complexity because of the potential for phase wrapping [32] , [33] , but also introduces phase projection as a way to gauge quantitatively the level of dielectric property match between the coupling bath and actual breast [28] in which the phase projection for a single transmitter is defined as the difference in the phases when the target is not present. Thus, at one extreme of a perfect match between the breast and the bath, the phase projection would be zero. At a very high contrast between the two, the phase projection could easily rise to several multiples of pi. In practice, we strive to keep the phase projection within a range of ±2π. As a result, we tailor the coupling bath properties to different patients, and have found that two or three different glycerin:water ratio baths are sufficient to accommodate most every case.
The Dartmouth microwave imaging system has been used in a range of experiments and clinical exams with success [28] , [34] , [35] . Our image reconstruction has been shown to have excellent convergence behavior with respect to conventional L2 norm metrics, and also when comparing the measured and computed amplitude and phase projections at the completion of the reconstruction process [36] . Antennas are packed into a tight arrangement surrounding the target, but are relatively long in the vertical direction, which effectively mimics the 2-D case of a long cylindrical geometry and provides a modest amount of directivity along that axis. The lossy coupling bath also plays a role by attenuating signals propagating out of the imaging plane before they have a chance to reappear in the measured data. Reports by Meaney et al. [37] showed the approach and configuration was capable of recovering quantitative images of targets that varied geometrically in 3-D. Phase and amplitude projection comparisons between the simulated and measured values also confirm that the 2-D model accurately matches the measured response despite all of its inherent 3-D wave propagation [36] . Fig. 3(a)-(c) shows the plots of the real permittivity (ε r ), conductivity (σ ), and imaginary permittivity (ε ), respectively, over the range of 100 MHz-25 GHz. We compared the measured values for pure water with computed values from Kaatze [38] and found that rms errors between the two for the real and imaginary permittivities were 0.30 and 0.16, respectively. By comparing the associated relaxation frequencies, the actual temperature was likely closer to 20.6°C than the measured 21.0°C, although the difference is within our measurement error. The real permittivity exhibits a monotonic decrease with increasing glycerin concentration over all frequencies. In addition, a pronounced steepening of the dispersion occurs with increasing glycerin:water ratio. For frequencies above 10 GHz, the conductivity increases monotonically with frequency and with water concentration. In addition, the slope of the conductivity variation with frequency decreases markedly with the increasing glycerin:water ratio. The plots become more complicated to interpret at lower frequencies and conductivity curves exhibit significant cross over as they approach zero at 100 MHz. The ε plots are descriptive of the underlying mechanisms, especially with respect to relaxation frequency. As expected, water presents an easily identifiable relaxation frequency at 17.45 GHz [38] . Interestingly, relaxation frequency decreases dramatically with increased glycerin concentration, and a peak is no longer detectable in the 100% glycerin case. For each peak, the rise from the lower frequency side is relatively steep and much more gradual for the higher frequency side. The steepness of the peaks increases with increasing glycerin:water ratio. Plots of the measured glycerin relaxation time as a function of molar fraction compared with corresponding plots of associated, short carbon chain alcohols-ethylene glycol, 1,3-propanediol, 1,4-butanediol, and 1,5-pentanediol, respectively. alcohols-ethylene glycol, 1,3-propanediol, 1,4-butanediol, and 1,5-pentanediol, respectively. As can be seen, the relaxation times vary from one to two orders of magnitude over this concentration range. At the high water content extreme, the relaxation times approach those of pure water, while at the lower water content bound, they approach values of the respective pure alcohols. Our measured values are consistent with the corresponding similar alcohols. Fig. 5 shows a plot of real permittivity as a function of frequency from 0.1 to 3 GHz for a range of glycerin concentrations. Here, the slope of the curves steepens within the 1-2-GHz band for increasing glycerin concentration until about 80%, after which it flattens out and steeper slopes shift toward lower frequencies. Fig. 6 shows conductivity as a function of frequency from 0.1 to 3 GHz for the full range of glycerin concentrations. Both pure water and pure glycerin exhibit relatively low conductivity with the former starting to increase rapidly above 2 GHz. For glycerin concentrations between 70% and 90%, the curves are essentially concave downward while they are concave upward for lower concentrations. The behavior is directly related to the distinct shifting of relaxation frequency discussed in Section III-A. In this case, the curves are concave upward for cases where the ε peak is above 3 GHz and concave downward as the ε peak shifts below 3 GHz, corresponding to whether the curve is on the rising or falling edge of the ε plot. For glycerin concentrations in the range of 70%-90%, conductivity remains mostly above 1 S/m from 1 to 2 GHz, which is quite lossy and allows antennas to operate over the broad bandwidth [13] , but at the expense of high attenuation. Fig. 7 presents the theoretical plane wave attenuation per centimeter as a function of frequency for glycerin concentrations of 70%, 80%, and 90%, respectively. For distances between antennas of up to 15.2 cm in our imaging array, the attenuation is considerable, especially with increasing frequency. Fig. 8 shows relative permittivity plotted over the imaging frequency range of interest for two glycerin concentrations relative to the fitted properties for breast adipose tissue reported in Sugitani et al. [18] . While the properties decline monotonically with frequency, the slope is less steep in the tissue case, and therefore, the contrast ratio with tissue also decreases-from 79% to 43% for the 90% glycerin and from 216% to 151% for 80% glycerin, respectively, from 1 to 2.5 GHz. The net effect of the contrast decrease is moderation of the phase projection increase with frequency [39] . Fig. 9 shows a plot of conductivity at 0.5, 2.0, and 5.0 GHz, respectively, for glycerin mixed with water and 0.9% saline as Measured relative permittivity of two glycerin concentrations (80% and 90%) plotted as a function of frequency compared to published values for breast adipose tissue in [18] . a function of concentration. Conductivity of the water mixtures increases from low values to a peak and then decreases to lower values as water content increases. The location of each peak is directly related to the shifting of relaxation frequency of the glycerin-water mixtures. Deviations between the water and saline cases begin to appear for concentrations above 30%, and widen for contents above 60%. This behavior is similar to observations that conductivity can only increase at relatively high saline concentrations described by Schepps and Foster [21] while testing tissue properties at 100 MHz. The response was attributed to the fact that water is almost entirely bound to proteins and long chain molecules at lower water content, hence restricting the ion mobility required for electrical conductivity. Only at higher water content do sufficient free water molecules exist to allow ion motion. The same effect appears in Fig. 9 , but with the added complication of a shifting relaxation frequency. For completeness, we also plotted the measured conductivity for saline mixtures with glycerin as a function of water content with results reported in Schepps and Foster [21] (Fig. 10) at 100 MHz (the only frequency reported in this paper). The tissue sample measurement points deviate from the well-known Maxwell-Fricke mixture relationships at higher water contents, an effect that was primarily attributed to bound water contributions (note that the two different Fricke curves in the plot relate to slightly different assumptions of the prolate ellipsoid axial ratios in the model). The plot from the glycerin:water mixtures follows a similar pattern; however, the curve turns upward at the lowest water content levels, a consequence of the fact that the relaxation frequency for the lowest water content glycerin:water mixture has shifted below 100 MHz.
III. RESULTS
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IV. CONCLUSION
While the relative permittivity of glycerin:water solutions can be increased or decreased by changing their mixture ratio, changes in the dielectric relaxation frequency also have a dramatic effect on the resulting permittivity and conductivity. The relaxation frequency decreases from 17.45 GHz for pure water to less than 800 MHz for glycerin concentrations above 90% at 21°C, and significantly increases the negative slope of permittivity as a function of frequency. Conductivity increases dramatically, especially over the range of 1-3 GHz for most glycerin-water mixture ratios, even though the inherent conductivities of water and glycerin are quite low on their own.
The lossiness of glycerin:water coupling fluids has important implications for tomographic imaging. On the plus side, it reduces multipath signals and eliminates antenna-antenna mutual coupling effects. It also resistively loads associated antennas to sufficiently large degree to broaden the potential operating bandwidth. The degree of lossiness makes possible a DDA as a forward solver in the iterative reconstruction process, which offers computational acceleration greater than an order of magnitude. However, the increased attenuation places demands on the measurement equipment. For example, the plane wave attenuation across an array diameter of 15 cm can result in signal strength drops of over 100 dB in the frequency span of 1-2 GHz. Thus, larger dynamic ranges and higher levels of channel-to-channel isolation are required than is available from many commercially available VNAs. While the technical performance of VNAs is improving, suppressing or accounting for unwanted multipath signals remains a formidable challenge. Nonetheless, glycerin offers practical benefits that make it well suited to patient use.
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